A new gas chromatographic/mass spectrometric (GC/MS) method was developed to detect 2-methylanthraquinone (2-MeA) in wood dust. 2-MeA is present in teak wood (a suspected human carcinogen) but not in oak, beech, mahogany, birch, ash or pine. The method involved collection of workplace dust on filters and extraction of 2-MeA with methanol and GC/MS analysis. The method was tested on teak wood dust samples (n 5 43) collected on polyvinylchloride membrane filters during various work operations in four small factories making furniture and fittings for leisure craft and boatyards (air teak wood dust concentration: range 0.32-14.32 mg m 23 ). A high correlation coefficient for the content of 2-MeA versus teak dust was obtained (logarithmic correlation: y 5 1.5308x 1 0.0998, r 5 0.9215). Determination of airborne 2-MeA is a useful technique to confirm occupational exposure to teak wood dust.
INTRODUCTION
Exposure to particles of hardwood or leather dust (IARC, 1981; Wolf et al., 1998; t Mannetje et al., 1999) in workplaces is the main origin of sino-nasal cancer in Europe. Thus, hardwood dusts are included as carcinogens in a European Union Directive (EU, 1999) and more recently in Italy by legislative decree 66/2000 (Italy, 2000) . Control of exposure to dust is not a simple task, especially in small workplaces or in particular types of work, such as outfitting the wooden hulls or interiors of boats, in which it is difficult to ensure proper ventilation. Common working conditions involve the simultaneous manipulation of many different kinds of wood, generating complex mixtures of dusts with various health risks. In fact, available data only report total dust concentrations in air. In Italian regulations, an occupational exposure limit (OEL) of 5 mg m À3 is applied for total hardwood dust, whereas the American Conference of Governmental Industrial Hygienists (ACGIH) (AC-GIH, 2008) lists two different threshold limit values (TLVs) : 0.5 mg m À3 for the western red cedar (a sensitizing agent) and 1 mg m À3 for all other species; moreover, wood dusts are classified by ACGIH (2008) as confirmed human carcinogens (oak and beech) and suspected human carcinogens (birch, mahogany, teak and walnut). As the carcinogenic substances present in each of these woods have not been identified, it is essential to have a target compound to detect specific hardwood dusts in workplaces. Some authors have proposed total tannins (Bianco and Savolainen, 1994) in wood dust as indicators of such exposure, and gallic acid has recently been identified as a marker of oak dust (Mammela et al., 2001 (Mammela et al., , 2002 . The aromatic material extracted from teak wood consists primarily of quinones and 2-methylanthraquinone (2-MeA). Of the quinones, lapachol and deoxylapachol are known sensitizing substances (Schulz and Dietrichs, 1962; Schulz, 1965) . 2-MeA, also known as tectoquinone, is known to have insecticidal and antimycotic activity (Rudman et al., 1958; Sumthong et al., 2006) ; it is also toxic to aquatic organisms and may cause long-term adverse effects in the aquatic environment, but adverse *Author to whom correspondence should be addressed. Tel: þ39-049-8211365; fax: þ39-049-8212542; e-mail: giovannibattista.bartolucci@unipd.it effects in humans are not known (i.e. toxic, mutagenic or carcinogenic effects). 2-MeA has been identified in both petroleum (Singh et al., 1989) and methanol (Wang et al., 2006) extracts of teak wood. The use of polar extraction solvents appears to be more effective, according to a study of Panamanian teak wood, which yielded ,0.1% w/w 2-MeA following extraction with petroleum ether but 1.5% w/w when extracted with acetone (Windeisen et al., 2003) .
In this study, a gas chromatographic/mass spectrometric (GC/MS) method was developed to determine 2-MeA in teak wood dust. Other hardwood species were also studied for the presence of 2-MeA. The method was tested in four small factories and boatyards where workers handled teak wood (Tectona grandis) only. Air sampling in the workplace was used to find a correlation between the total quantity of inhalable dust collected and the amount of 2-MeA in that dust.
EXPERIMENTAL METHODS

Materials
An Institute of Occupational Medicine (IOM) inhalable dust sampler selector (SKC Inc., Eighty Four, PA, USA) was used for wood dust sampling, carrying out the air samplings for 1-4 h at a flow rate of 2.0 l min À1 . It was equipped with polyvinylchloride (PVC) membrane filters (/ 5 25 mm, 0.8 lm) purchased from SKC Inc. and an SKC 224 PCXR4 sampling pump (Analitica Strumenti, Pesaro, Italy). Such filters were chosen because they can be easily conditioned before each weighing and do not interfere with GC/MS analysis.
Chemicals were 2-MeA (95% purity), 2,6-diisopropyl naphthalene (2,6-DIPN) (99% purity), acetone (high performance liquid chromatography grade) and methanol (high performance liquid chromatography grade), purchased from Aldrich (Milan, Italy) . Teak (T. grandis) from Myanmar, Colombia, Indonesia and the Ivory Coast, European red oak (Quercus robur), birch (Betula pubescens), beech (Fagus sylvatica), ash (Fraxinus excelsior), mahogany (Swietenia macrophylla) and pine (Pinus sylvestris) were obtained from various workplaces.
2-MeA extraction from wood
Wooden blocks (made from Myanmar teak, Colombia teak, Indonesia teak, Ivory Coast teak, European red oak, birch, beech, ash, mahogany and pine) were ground into fine dust with a hand-operated milling cutter, which prevented overheating of the wood.
All wood samples (500 mg) were extracted with 2 ml methanol by ultrasound for 30 min. The methanol phase was separated by centrifugation, and the resulting solution dried under a nitrogen gas flow of 15 ml min À1 at room temperature. Each solid residue was solubilized with 500 ll of methanol, spiked with 2,6-DIPN internal standard at a concentration of 40 ppm and injected into the GC/MS system for detection and determination of 2-MeA. 2,6-DIPN solution was obtained by preparing a neat solution of 10 ml at a concentration of 4000 ppm v/v, which was then further diluted 100 times. 2,6-DIPN was chosen because it is very soluble in methanol and it is well separated and does not interfere with 2-MeA.
A stability test was performed on Myanmar teak wood dust. Three samples of 1 mg were collected in three vials: one was analysed immediately while the others were stored in a refrigerator at þ4°C in vials protected and unprotected from the light by aluminium sheets; they were analysed after 2 weeks.
Wood dust sampling in air
This study is the result of 43 air samplings. Wood dust sampling was carried out in four factories producing teak furniture: two boatyards (A and B, respectively, 10 and 8 samples) and two manufacturers making interior furniture and fittings for boats (C and D, respectively, 21 and 4 samples). In all four factories, only wood from Myanmar (formerly Burma; the wood is still called 'Burma teak') was used. This kind of wood is the best for boat decks and interior furniture and fittings, owing to its very good resistance to water.
Sampling, in each case, involved intervening in operations employing manually operated devices, without any large cutting or sanding machines. All sampling sessions were organized when only teak wood was being used.
Gravimetric determination of dust on PVC filters
Filters were weighed on a Sartorius balance (precision 0.001 mg) after conditioning for at least 24 h at constant temperature (20 -0.5°C) and relative humidity (50 -1%) in an Activa Climatic Hood (Aquaria, Milan, Italy). Each filter was weighed both before and after dust sampling, after the filter had been removed from the IOM selector. This procedure is a variation on the recommended use of the IOM sampler, involving weighing the canister with the filter inside, in order to measure the amount of dust possibly deposited on the canister walls. In our case, two samples which left dust on the walls of the filter capsules were discarded and not analysed for the determination of 2-MeA.
The PVC filters were stored in a refrigerator at þ4°C for a maximum of 2 weeks before analysis.
2-MeA determination on filters
Each filter was cut into small strips, placed into a 5-ml vial to which 1.5 ml methanol was added and gently stirred for 30 min to extract the target compound. Then the methanol extracts were centrifuged at 1000 rpm for 3 min to improve liquid phase separation from the particulate.
An aliquot (1.35 ml) of the liquid phase was transferred to a clean tube and evaporated under a nitrogen gas flow of 15 ml min À1 at room temperature. The residue was dissolved in 100 ll of methanol containing 2,6-DIPN as internal standard at a concentration of 10 ppm before injection. Two microlitres of the methanol solution was injected into the GC/MS system for 2-MeA determination.
All analyses were performed on an Agilent 6890 gas chromatograph coupled with an Agilent 5973N quadrupole MS.
Chromatographic separation of analytes was carried out through an Hewlett Packard 5-MS capillary column (Agilent Technologies, Cernusco s/N, Milan, Italy) of the following dimensions: length 30 m, internal diameter 0.25 mm and film thickness 0.25 lm, at a constant helium flow rate of 0.7 ml min À1 . The GC oven was programmed from an initial temperature of 100°C (held for 2 min) to 250°C at 10°C min À1 with transfer line temperature of 280°C. Injection was splitless at a temperature of 250°C and a purge time of 0.7 min, with a direct inlet liner.
The MS was scanned in single ion monitoring mode (2.86 cycles s À1 ), acquiring fragments at m/z 165 and 222 Da (molecular ion), which are diagnostic ions of 2-MeA, and at m/z 197, for the 2,6-DIPN internal standard. Ions were generated by the action of energetic electrons (electron impact 70 eV) at ion source and quadrupole temperatures of 230 and 150°C, respectively.
RESULTS
A representative GC/MS chromatogram and an example of the 2-MeA mass spectrum are shown in Fig. 1A and in Fig. 1B . The chromatographic peak of 2-MeA was detected at 16.80 min, as confirmed by comparison with data obtained for a certified standard analysed in the same GC/MS conditions; the internal standard peak (2,6-DIPN) was detected at 12.80 min.
The curve of the detector response (instrument calibration curve) against 2-MeA standards in the range 1.10-123.80 mg l À1 was obtained by serial dilution of a methanol solution (two replicates for each concentration; y 5 1.1557x, r 5 0.9987). The method allows the detection of 2-MeA at concentrations .14 ng (limit of detection); the corresponding limit of quantification is 50 ng. The reliability and precision of the method were calculated intra-day and interday (five replicates) in the range of 1-20 mg of teak dust: the variation coefficient was always ,11.3%. 
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The recovery of 2-MeA with this method exceeded 93% in the same range. The stability test showed no differences between the samples protected and unprotected by aluminium sheets and the recovery of 2-MeA after 2 weeks exceeded 90.8% respect to the sample analysed immediately. The method was tested by analysing 10 various wood specimens mentioned above, and the amount of 2-MeA was below the limit of detection of analytical method in any species except teak.
Experimental data obtained by analysis of various amounts of native Burma teak samples as supplied, carried out in our laboratory, gave the percentage of 2-MeA as 0.23 -0.09% w/dry weight (n 5 5). The percentage of 2-MeA found in teak from other countries was Colombia 0.21%, Indonesia 0.11% and Ivory Coast 0.19%. Figure 2 shows the 2-MeA concentration in the injected solution of methanol extracts from various weighed amounts of teak wood dust (range 1.50-20 mg). Table 1 lists the overall data for wood dust concentrations and 2-MeA in the four workplaces. Air dust concentrations were in the range 0.32-14.32 mg m
À3
; the amounts of 2-MeA found on the PVC filters were in the range 0.04-4.29 lg, corresponding to concentrations of 2-MeA in air of 0.11-22.19 lg m
. Figure 3 shows the correlation of log-transformed data (r 5 0.9215) between the amount of 2-MeA and teak dust collected from 43 air workplaces during handling of teak wood in the four factories.
According to the logarithmic regression line equation, the quantity of teak dust, corresponding to a concentration of 5 mg m À3 after 4 h of sampling with the IOM sampler, was 4.80 lg of 2-MeA (corresponding to 0.20% of 2-MeA in the teak dust). Moreover, 14 ng of 2-MeA (detection limit of the analytical method) corresponds to a teak dust concentration of 0.110 mg m À3 after 4 h of sampling with the IOM sampler: this represents the minimum concentration of wood dust necessary to detect 2-MeA in environmental samples.
DISCUSSION
Analysis and specificity of 2-MeA 2-MeA has been well-known for many years, and it has been quoted several times in the literature as a chemical compound found in teak extracts (Rudman et al., 1958; Schulz and Dietrichs, 1962; Singh et al., 1989; Windeisen et al., 2003; Sumthong et al., 2006) .
The Merck Index (Budavari et al., 1996) describes 2-MeA as soluble in alcohol. In our work, methanol was selected as the extraction solvent, because it met both our sample handling requirements and was also suitable for direct analysis of liquors by GC/MS.
The percentage of 2-MeA found in the teak wood used in our study is very different from that reported by Windeisen et al. (2003) (1-1.5%), but this may be due to the different origin of the wood (Burma in our case and Panama in Windeisen), the different sections of the wood examined (sapwood in Windeisen) and the different methods of extraction (methanol in our case and acetone in Windeisen).
The dust samples collected in the workplaces cover the inhalable fraction, with an aerodynamic diameter ,100 lm. Analyses on native Burma teak samples were carried out in the laboratory by grinding the wood with a hand-operated milling cutter, which produced a dust of grain size certainly greater than that of inhalable dusts collected in air. As the percentages of 2-MeA extracted from the two different types of samples (0.23% from native teak and 0.20% from environmental dust) were comparable, it may be deduced that the extraction efficiency of 2-MeA was not influenced by the different sizes of the dusts examined.
The air concentration data of teak wood dusts in the four factories did not show differences in the ratios between quantities of 2-MeA and teak dust collected at individual sites (see Fig. 3 ).
The high specificity of 2-MeA for teak wood and the good correlation shown with the quantity of teak dust collected on the filters used for environmental sampling mean that this marker can be used for assessing exposure to teak dust. This would be particularly useful in workplaces where several types of wood are used at the same time, in order to estimate specific exposure to a suspected carcinogen such as teak. However, it should be noted that, in order to allow this type of assessment, the minimum amount of teak dust collected must be $53 lg (corresponding to a concentration of 0.110 mg m À3 after sampling for 4 h with an IOM sampler).
Sampling and use of the IOM sampler
In this work, the IOM sampler was used in a way which differed from that recommended by the manufacturer, for reasons of analytical sensitivity. This was because the main aim of this work was to find a correlation between the inhalable dust collected on the filter and 2-MeA contents: once the filter had been removed from the canister, only 1.5 ml of solvent was necessary for extraction; if we had treated the filter while it was inside the canister, at least 25-30 ml of solvent would have been required for the same procedure, with a consequent loss of analytical sensitivity.
The procedure removing the filter from the IOM selector has already been used by other authors, to analyse both bioaerosol or radioactive particles (Witschger et al., 2004) and endotoxins (Harper, 2006) . Nevertheless, separate weighing of the IOM filter membrane has been found by other authors to show better correlations with other manufacturers' sampling devices than those obtained when weighing the IOM membrane and support canister together (Witschger et al., 2004) .
Occupational exposure to teak dust
The factories studied here all belong to a very particular productive sector, that of building and furnishing small boats and luxury yachts, and the wood they mainly used was teak. In factory A, cutting was carried out with machinery equipped with efficient, centralized ventilation systems; in factory B, manually operated devices were used (without any large cutting or sanding machines); in factory C, the various operations of cutting and sanding, with both fixed machinery and manually operated devices, were carried out with efficient ventilation and in factory D, cutting was carried out with fixed machinery and poorly functioning ventilation. All sampling sessions had to be planned in advance because of the small quantity of teak worked. Due to its high cost and specific use, it proved impossible to find factories or boatyards working continuously with teak for .4 h at a time.
Therefore, it was not always possible to provide an unequivocal definition of the true type of work involved or even provide a correct calculation of the 8-h time-weighed average exposure, as recently applied by Spee et al. (2007) for the evaluation of exposure to wood dust in the construction industry. Fig. 3 . Correlation of log-transformed data between amount of 2-MeA (lg) and teak dust (mg) collected from air workplaces during working of teak wood in four factories.
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We thus considered 5 mg m À3 (the Italian OEL for an 8-h exposure) as a target value rather than as an OEL. Nevertheless, we emphasize that this value was exceeded in 14% of cases, showing that this is a productive sector in which high exposures occur when only small, manually operated, cutting devices are used in conditions of poor ventilation (see, in particular, the case of factory B). In such situations, workers should have proper portable ventilation systems which, however, are bulky and not practical. Efficient dust extraction units are generally only connected to large stationary machines when teak wood alone is used: in the case of factory D, they were poorly functioning and needed maintenance intervention. In this regard, a recent multi-centre European study demonstrated that the work sector of ship-and boat building had the highest percentage (30%) of workers exposed to wood dust concentrations .5 mg m À3 ; the percentage of Italian workers exposed .5 mg m À3 in the whole sector was 15% (Kauppinen et al., 2006) .
CONCLUSIONS
Our study emphasized how the productive sector of boatyards is affected by great pollution due to teak dust (carcinogenic hardwood), especially if we take into account more restrictive threshold limit values than the Italian one of 5 mg m À3 (i.e. 1 mg m
À3
, threshold limit value adopted by ACGIH).
We think that identification of 2-MeA like a chemical marker may be useful in the industrial hygiene sector to better assess (in addition to simple gravimetric assessment) the specific exposure to teak dust (teak being one of the types of hardwood carcinogenic to humans), especially if workers are exposed to several types of wood dust at the same time.
In our study, all the factories we visited for our analyses used exclusively Burma teak, which is largely used in boatyards and for luxury furnishings and fittings due to its durability and aesthetic characteristics. 2-MeA is a component characteristic for teak, in which it is found in varying percentages according to the origin of the wood. If samples of teak are of different origin, they must be analysed and each time different calibration curves must be prepared. These operations are not complex, as the analytical method described is quite easy and its measurements accurate.
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